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Nanoﬂuids oﬀer the potential to address the low thermal conductivities found in conventional heat transfer
ﬂuids, through their unique electrical, optical and thermal properties, but their implementation remains restricted due to absorption and stability limitations. Here, we characterize and exploit the distinctive plasmonic
properties exhibited by polyvinyl-alcohol stabilized silver nanostructures by tuning their absorption and thermal
properties through controlling the nanoparticle size, morphology and particle-size distribution conﬁguration at
the synthesis stage. The photo-thermal eﬃciency of diﬀerent water-based silver nanoﬂuids under a standard
AM1.5G weighted solar spectrum were explored, the inﬂuence of each of these components on the resulting
ﬂuids performance within a direct absorption solar thermal collection system being considered. Nanoﬂuids,
containing an extensive ensemble of particle size-distributions (5 nm–110 nm in diameter) in addition to anisotropic particle morphologies (e.g. prisms, hexagons and other non-spherical geometries), exhibited a signiﬁcant enhancement in the absorption and photo-thermal energy transfer. Enhancements of 5%–32% in the
photo-thermal conversion eﬃciency were achieved, the enhancement being dependent upon the presence of
multiple particle size-distributions and the particle concentration. The enhancement is inﬂuenced by the interactions occurring between the individual particle size-distributions but also by the collective behaviour of the
particles ensemble. The critical particle diameter, above which the photo-thermal characteristics of the nanoﬂuid become dominated by the larger sized particles present, was identiﬁed as 150 nm. The increased performance of these nanoﬂuids, which adopt a more complex particle-size conﬁguration, suggests that they can
represent suitable candidates for solar-thermal applications.

1. Introduction
Solar energy is one of the renewable sectors which has received
considerable interest mainly due to the continuous reduction in costs
associated with manufacturing technologies [1–13]. At present, there
are two main types of solar energy systems: those reliant on the direct
conversion of the incident solar irradiance into usable electricity (solarphotovoltaic) and those based on harnessing the solar irradiance to use
it as an alternative source of thermal energy (solar-thermal) to meet a
proportion of a buildings cooling and heating demands [14–18]. The
implementation and subsequent market penetration of photovoltaic
solar based technologies has been mostly conﬁned to the industrial
electricity sector. This allowed for the expansion and adoption of the
thermal solar technology mainly into the residential environment,
where there is a substantial cooling and heating demand [19]. Recently,

*

combined heat-power [20-21] and photovoltaic-thermal hybrid solar
systems [22] have started to become suitable alternatives. Thus, two
independent systems, photovoltaic and photo-thermal, work in unison
to capture and convert a larger proportion of the solar energy available.
The two diﬀerent forms of energy captured can be stored in batteries
and using a heat pump, respectively [22]. Larger scale solar combined
heat-power systems include concentrating solar power stations, which
utilize the concentrating power of a large area of mirrors to collect and
focus the sunlight directly onto a target material of high heat capacity.
This generates immense thermal energy that can be directly used to
generate electricity, or it can be stored to meet a proportion of the
energy demand once the sun goes down [20-21].
Typically, in solar thermal plants or in a conventional ﬂat plate solar
thermal collection (FPSC) system, the solar radiation captured by a heat
sink is in turn transferred to a working ﬂuid (e.g. water, ethylene glycol
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etc.) which passes through the enclosed system under ﬂow conditions
speciﬁc to the application [15-18,22-24]. Therefore, the working ﬂuid
plays a dominant role in enhancing the eﬃciency of the energy transfer,
which, in turn, is dependent upon the composition, arrangement, stability and photo-thermal properties of the ﬂuid. Early eﬀorts on improving the photo-thermal conversion eﬃciency of diﬀerent working
ﬂuids (including water, oils, as well as gaseous media) resulted in
neither low costs nor high-energy transfer eﬃciencies [24,25]. To enhance the physical properties of a working ﬂuid nanometer sized particles can be suspended into a base ﬂuid[26–32,106,107]. The presence
of such particles, commonly composed of highly conductive materials,
dominate the thermal and physical properties of the resulting ﬂuid
[26,29,33]. The resulting ﬂuid suspensions, generically called nanoﬂuids or nanosuspensions, have become a leading candidate for the cost
reduction of the solar-thermal energy [25,27-28,34].
In recent years, nanoﬂuids have gained considerable interest due to
the functionalization and the control over the optical and thermal
properties that can be gained through a plethora of fabrication routes.
The choice of nanomaterial (composition, size and shape) inﬂuences
the absorption and thermo-physical properties of the base ﬂuid [4-6,3133,35-36]. Thus, nanoparticles comprised of metal (Ag, Au, Pt, Al and
Cu), metal oxide (TiO2, CuO, Al2O3) and carbon (carbon black, graphite, graphene, and carbon nanotubes) based materials have previously been shown to enhance the conversion eﬃciency within solarthermal systems [37–42]. Metal oxides nanoparticles, oﬀering thermal
conductivities signiﬁcantly lower than their metal or carbon counterparts, have delivered enhancements in the thermal conductivity of
water based nanoﬂuids ranging from 20% to 52% at moderate operating temperatures of up to 50 °C [43–46].
Metal nanoparticles (Ag or Au, in particular) have attracted an intense interest because of the localized surface plasmon resonance
(LSPR) absorption that typically occurs in the ultraviolet–visible
(UV–Vis) part of the spectrum i.e. in the spectral region where most of
the incoming solar ﬂux is distributed [47-48]. The UV-VIS spectral region is, typically, weakly absorbed by most of the classical heat transfer
ﬂuids and, therefore, adding the nanoparticles will enhance its absorption [47-48]. Silver is of greater interest for solar thermal applications due to its higher thermal conductivity, lower cost and the
number of robust synthesis routes available [49–53]. Oscillations
within the locally enhanced electromagnetic ﬁelds established through
the LSPR phenomena enable the absorption characteristics of the
structures to be ﬁne-tuned over a speciﬁc spectral range, speciﬁc to the
application [54–57].
The large surface area of the nanoparticles promotes the interactions between the nanoparticles and the additional chemical species
present in the nanoﬂuid [27-28,58]. Each particle experiences attractive and repulsive forces [27-28,58] and the delicate balance within a
nanoﬂuid between these attractive and repulsive forces determines the
tendency of the nanoparticles to clump together via a process called
agglomeration, aﬀecting the capability of the ﬂuid to remain stable [2728,58]. Typically, the attractive molecular forces are more energetically
favourable and, hence, over time, the particles within the two-phase
ﬂuid coalesce, forming larger and larger aggregates, destabilising the
nanoﬂuid as the process continues [30,59-60]. As the size-distribution
of the suspended particles becomes broader through particle-agglomeration, an inherent transformation in the thermal properties of the
resulting nanoﬂuid occurs [27-28,58].The susceptibility of nanoﬂuids
towards particle-agglomeration as a means of reducing their surface
energy can be controlled through modiﬁcation of the nanoparticles
surface chemistry [40,52-53,61].The addition of surfactants or stabilising agents during the nanoﬂuids preparation oﬀers a simple and costeﬀective route for preparing stable nanoﬂuids [27-28,43,62]. A stabilising agent, typically consisting of a polymeric chain containing hydrophobic and hydrophilic elements at opposite ends of the molecule,
selectively binds to the surface of the nanoparticles altering the repulsive forces existing between neighbouring particles within the

nanoﬂuid [51,54,61,63]. The long polymeric chain can curtail the
transfer of heat between the stabilised nanoparticles and the surrounding solvent molecules [30,44,53,64]. Consequently, in the pursuit
of highly eﬃcient nanoﬂuids for heat transfer applications, a trade-oﬀ
between the ﬂuids enhanced thermal properties and its stability is required [26-27,52-53,57,65].
Typically, the nanoparticles utilized in nanoﬂuids studies embodied
a single mode narrow-distribution of the particle size [39–42]. However, using a poly-disperse particle size-distribution can inﬂuence the
interaction between the collective ensembles of particles and promote
the thermal properties of the base ﬂuid. Within such a wide-ranging
particle size-distribution, the larger sized particles form an antenna
eﬀectively coupling the higher order LSPR modes available on these
nanostructures to the nearby smaller size particles. These smaller size
particles can in turn act as resonators, creating localized ‘hot-spot’ regions [48,66–69]. The enhanced electric ﬁeld established through such
an interconnected particle network is greater in magnitude than that
created through isolated narrow particle size-distributions [66–69].
Typically, the commercially purchased nanoparticles employed in the
design and characterization of nanoﬂuids are lacking in the variety of
particle morphologies, shapes and sizes [37,39,50,70-71]. This can be
mainly due to the product control existing within a commercial environment, which requires narrow particle size-distributions and similar morphologies for the nanoparticles as a commercial product.
Consequentially, in the research pursuit of eﬃcient and stable nanoﬂuids, the possibility of particle-particle interactions between diﬀerent
anisotropic shape and sizes has been, typically, overlooked. However,
such interactions can have the potential of enhancing the absorption
and/or thermal capabilities of the nanoﬂuids [72–76].
The present experimental study focuses on the inﬂuence of the nanoparticle population complexity on the thermal properties of the nanoﬂuid through developing and characterizing nanoﬂuids containing
nanoparticles of diﬀerent particle size-distribution, conﬁgurations and
shapes. Water based silver-nanoﬂuids (developed via a two-step
method in which the nanoparticles were formed through a wet-chemical synthesis route using widely available reagents) are explored as
potential candidates for working ﬂuids within a direct absorption solarthermal collection system. The synthesis route allows for the stabilization of the nanoﬂuids through the employment of the surfactant polyvinyl alcohol (PVA) to aid and control the nanoparticle growth. The
main advantage of this approach is represented by the fact that the
nanoﬂuids manufacturing procedure is simple, relatively low-cost and it
can be easily scaled up to be used in real-world solar thermal applications. The optical properties of the colloidal dispersions fabricated were
tuned throughout the synthesis stage to deliver a dynamic absorption
proﬁle over the 300 nm–800 nm spectral window. The impact of the
particle size-distribution, particle morphology, particle concentration
and dispersion stability on the photo-thermal conversion eﬃciency and
thermal conductivity of the nanoﬂuids is discussed.
2. Materials and methods
2.1. Ag nanoparticle synthesis
2.1.1. Reagents
Silver nitrate (AgNO3, 99.99%), sodium borohydride (NaBH4, 99%),
poly-vinyl alcohol (PVA, 87%–89% hydrolyzed, typical MW
13 000–23 000 g/mol), tri-sodium citrate (TSC, 99.5%) and hydrazine
(N2H4, hydrate, reagent grade, 50%–60%) were all purchased from
Sigma Aldrich Co (St. Louis, Missouri, United States) and used without
further puriﬁcation. Ultrapure water (ρ = 18.2 MΩ cm−1) was used
throughout the experiment to form the numerous aqueous solutions
required for the nanoparticle synthesis route employed.
2.1.2. Particle nucleation and the formation of Ag seeds
In this study, silver nanoparticles were synthesized using a two2
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Fig. 1. Schematic representation of the
seed-mediated method (i–v) used to synthetize and control the size of silver (Ag)
nanoparticles. Subsequently, the nanoparticles were dispersed in a base ﬂuid to
form silver nanoﬂuids (vi). The individual
stages of heterogeneous particle growth that
is taking place during each stage of the
synthesis procedure are also presented.

monitoring the growth and the decay of nanoparticles size distributions
within the dispersions. The spectral deconvolution consisted of three
steps: (1) baseline subtraction, (2) identifying the possible number of
peaks by performing the second derivative and (3) curve-ﬁtting of the
overall spectrum using Gaussian peaks [80–82]. The ﬁtting criteria
adopted in each case were in correspondence with the guidelines
available in the references [80–82].
The particle size-distribution, polydispersity index (PDI) and zeta
potential of the colloidal dispersions fabricated were measured using a
Malvern Nano series ZS Zetasizer (Malvern Instruments Ltd, Malvern,
United Kingdom). Hydrodynamic diameter measurements were performed in poly-methyl-methacrylate cuvettes at a temperature of 25 °C
using a He–Ne Laser (λ = 633 nm) with a detector angle of 173°. The
refractive index and the viscosity values used were that of pure water.
Hydrodynamic size and zeta potential are reported as the mean of the
three repeated measurements. The error bar values represent the
standard deviation of these measurements.
The surface morphology and shape of the Ag nanoparticles were
examined using a Hitachi SU-6600 Field Emission Scanning Electron
Microscope (FESEM) and/or a Hitachi SU-70 FESEM (Hitachi Ltd,
Tokyo, Japan). A typical sample preparation for SEM investigations
involved placing a drop of the diluted Ag nanoparticle solution on a
copper grid and allowing 12 h to dry at room temperature before
imaging. The images were analyzed using ImageJ software, employing
an automatic threshold routine. The algorithm used to determine the
threshold for each case was selected from the methodologies available
in Image J. The mean (Sauter) diameter was subsequently calculated
using at least 250 particles per sample.

stage seed mediated process (Fig. 1) consisting of (I) particle nucleation
and (II) particle growth [77–79]. In the ﬁrst stage silver seeds, prepared
by the chemical reduction of silver nitrate (AgNO3) with sodium borohydride (NaBH4) in the presence of a stabilizing and capping agent
poly-vinyl alcohol (PVA), constitutes a ‘reference frame’ upon which
nanoparticles of various sizes and shapes can be formed (Fig. 1, (i) –
(iii)). In a typical synthesis process 2 ml of chilled (T < 4 °C) NaBH4
(0.001 M) were added dropwise to 2 ml of AgNO3 (0.001 M) and 2 ml of
PVA (1% w/v in g/ml) while the solution underwent constant agitation
via magnetic stirring.
2.1.3. Controlled Ag Particle growth
In the second stage, various volumes of AgNO3 were added to a
‘growth solution’ leading to the formation of colloidal dispersions with
various colors tuned through the crystals growth (Fig. 1 (iv) - (v)). In a
typical synthesis process, 1 ml of seed solution prepared in stage I was
added to 1 ml PVA (1 % w/v), under magnetic stirring. Then, to this
resulting dispersion, 3 ml TSC (0.1 M) and 5 ml N2H4 (0.1 M) were
added sequentially forming the ‘growth solution’. The nanoparticle
dispersions of various colors were produced by adding, under constant
agitation, various volumes (0.4 ml–20 ml) of AgNO3 (0.001 M) to the
‘growth solution’ in a slow and controlled manner (~0.03–0.06 ml/s).
2.2. Nanoparticle characterization
The formation of Ag nanoparticles was monitored by UV-VIS spectroscopy. The absorbance spectra of a colloidal sample were recorded
over the 200 nm–800 nm spectral range using a PerkinElmer Lambda
900 spectrometer (PerkinElmer Inc., Massachusetts, USA) and having
ultrapure water as a reference. An integrating sphere conﬁguration was
adopted to minimize the scattering losses occurring due to the presence
of Ag nanoparticles within the colloidal dispersions. The dispersions
formed were diluted with ultrapure water in a ratio of 1:5 and the
measurements were carried out using 10 mm path length quartz cuvettes. The underlying spectral components, corresponding to the different particle size-distributions present, were determined using spectral deconvolution, Gaussian peaks being considered for curve-ﬁtting in
each case. The evolution of the individual spectral components allowed

2.3. Preparation and characterization of silver nanoﬂuids
Silver nanoﬂuids were prepared by the method schematically
summarized in Fig. 1 (i) – (vi). In this method, colloidal silver dispersions containing particles of diﬀerent sizes and shapes were ﬁrst prepared using the aforementioned synthesis route (Fig. 1 i – v). In each
case, a certain volume (0.05 μl–2.50 ml) of the dispersion was re-dispersed into a base ﬂuid – ultrapure water in this work – as presented in
Fig. 1 vi. After the addition of the nanoparticles, the resulting nanoﬂuid
3
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within the ﬂuid) and with its surrounding environment (using the
temperature diﬀerences between the thermocouples within and outside
the cell) in real time. The temperature probe closest to the inlet was
used to resolve changes within the photo-thermal eﬃciency of the
working ﬂuid as a result of the alterations made to the nanoparticles
size, shape, and concentration within it. The divergence between the
two temperature readings, within the ﬂuid, reveals information on the
homogeneity of the heat transfer within the volume of ﬂuid. As the
temperature of the working ﬂuid increased during constant irradiation,
losses to the surrounding environment became more prevalent. Placing
two thermocouples outside the working ﬂuid allowed for these losses to
be resolved and quantiﬁed. The temperature variations were monitored
and recorded every second using a data acquisition system composed of
a data logger (Pico TC-08 data logger) interfaced to a computer.
The photo-thermal conversion eﬃciency (PTE) is commonly deﬁned
as the ratio between the energy stored within the nanoﬂuid and the
total incident solar irradiation [35,42];

solution was transferred to an ultrasonication bath for 30 min to reduce
possible particle agglomeration, which could have occurred during the
transfer of the particles into the base ﬂuid [27-28,43]. Characterization
at each stage of the nanoﬂuids preparation was carried out to ensure
adequate stability of the nanoﬂuids and their photo-thermal property
measurements.
UV-VIS spectrophotometry was used to investigate the stability of
the nanoparticles within diﬀerent types of nanoﬂuid i.e. those containing diﬀerent particle size-distributions and/or a variety of particle
shapes. As the plasmon absorption band of a nanoparticle is highly
inﬂuenced by its size, shape and surrounding environment, the
PerkinElmer Lambda 900 spectrophotometer was used to aid in the
identiﬁcation of possible aggregation, upon transferring the particles
from the colloidal dispersion into the base ﬂuid [27,38,43].This test
was carried out in conjunction with dynamic light scattering and Zetapotential analysis, post particle re-dispersion in the base ﬂuid, to
identify subtle changes in the particle size and surface charge distribution. The measurements were performed using a Malvern Nano
Series ZS Zetasizer (Malvern Instruments Ltd, Malvern, United
Kingdom).

PTE =

(c w m w ΔTw + cnp mnp ΔTnp)
IAΔt

≈

c w m w ⎛ ΔTnf ⎞
IA ⎝ Δt ⎠
⎜

⎟

(1)

where cw and cnp are the speciﬁc heat, mw and mnp are the mass, ΔTw and
ΔTnp are the rise of the temperatures over the measurement period Δt of
the water (w) and the nanoparticles (np), respectively; I is the irradiation ﬂux and A is the illumination area of the nanoﬂuid. Under low
intensity conditions, the temperature diﬀerence between the particles
and the base ﬂuid is negligible [35,42,84]. The low concentrations of
particles employed allows the nanoparticles mass contribution to be
assumed negligable [42,85-86]. This allows for a general accepted
simpliﬁcation of general equation (1), PTE being now directly proportional to the temperature gradient at a point within the bulk nanoﬂuid
ΔTnf , measured by the thermocouples [35,42,85-86].
The contributions to the PTE arising from latent heat (i.e. due to
evaporation) are not considered in the outlined deﬁnition of PTE
[42,85-86]. The relatively low temperatures (< 50 °C) involved in this
study allow the assumption that these contributions are negligible. The
expression employed does not have to consider the losses to the surrounding environment through both radiative and convection processes, as the system was placed in an insulator environment. The enhancement (equation (2)) in the PTE of the nanoﬂuid, as compared to
the base ﬂuid, oﬀers a clearer metric of the overall impact of design
parameters on the performance of the nanoﬂuid.

2.4. Photo-thermal conversion eﬃciency
The capability of the nanoﬂuids to capture and convert light across
a broad spectral range into usable thermal energy was studied and
evaluated using the set-up shown in Fig. 2 (a). A halogen lamp
(Griven© 1200 MSR), working as a solar simulator, was used to reproduce the natural solar irradiance. This solution was chosen to alleviate the uncertainties which can arise due to the instabilities experienced in the natural lighting conditions. The Griven lamp provided a
spectral irradiance closely matching that of the standard AM1.5G reference spectra (Fig. 2 c), commonly used within controlled testing
environments to replicate the suns spectral distribution under certain
idealized conditions [83]. The Griven lamp delivered a consistent
spectral irradiance to within a 4 %–9 % tolerance range over the entire
spectral range of the lamp (Fig. 2 c) with ﬂuctuations in the overall
irradiance approaching 4 % over the course of an individual nanoﬂuid
characterization cycle (Fig. 2d). The light produced by the lamp was
sent to the bottom of a borosilicate glass cell (length × diameter = 7 cm × 2.3 cm and a wall thickness of 0.3 cm) using a plane
mirror oriented at 45° (Fig. 2 a). The borosilicate glass has a high
transparency (~95%) over the broadband range of frequencies present
within the incident spectrum. The glass cell was placed within a
polyester insulating foam (used to provide an insulating environment
for the cell) with only the bottom surface area of the cell directly exposed to the center of the beam produced by the solar simulator. The
possibility of thermal and radiative losses to the surrounding environment were minimized through encasing the entire set-up in an external
wooden wall.
For a typical nanoﬂuid characterization measurement, the power of
the halogen lamp was adjusted, the irradiance arriving at the nanoﬂuids
location being 1220 ± 50 Wm-2. This value was measured at the
sample location using a pyranometer (Delta-T BF-3 sunshine sensor)
that has a measurement uncertainty of ± 5 Wm-2. A period of 30 min
was allocated for the lamp to reach stable operating conditions. After
this, the glass collector containing the nanoﬂuid under consideration
was placed under the illumination of the solar simulator for 90 min.
Typically, 25 ml of working ﬂuid was employed within the direct solar
absorption collection system, with the 0.05%–10% v/v nanoﬂuid
loadings prepared by collecting a quantity from the stock nanoparticle
solution (step V in Fig. 1) and re-dispersing them into ultrapure water
for each type of nanoﬂuid considered.
Four K-type thermocouples (with an uncertainty of ± 0.5 °C) were
positioned at the top and at bottom of the glass collector (as depicted in
Fig. 2 b) to monitor the temperature changes within the nanoﬂuid
(using the temperature diﬀerences between the two thermocouples

PTEnf − PTEw ⎞
Enhancement = ⎛
x 100
PTEw
⎠
⎝
⎜

⎟

(2)

The thermal conductivity of the water (κW), the base ﬂuid in this
study, and the thermal conductivity of each nanoﬂuid (κNF) for various
concentrations were measured using the hot-wire method (Fig. S1) as
described in detail in the Supplementary Material. The values obtained
for the thermal conductivities were used to calculate the ratio (κNF/κW).
These results were then compared with the PTE behaviour for the
various types of nanoﬂuid (Fig. S2).
3. Results and discussion
3.1. Seed formation
Seed solutions containing a narrow distribution of particle sizes are
essential to the development of controlled nanoparticle growth during
the second stage of the synthesis. The deviations in their optical properties can be used as indicatives of the control exerted over the growth
kinetics during heterogeneous particle growth [77,79,87-88]. Seed solutions exhibiting a rich golden yellow color (like that presented in
Fig. 3 a, inset) represent the ideal case, reﬂecting the best control
granted over the particle formation [77–79]. Darker colors are indicative of increased scattering due to the presence of larger particles
4
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Fig. 2. Schematic description of the (a) PTE experimental set-up and (b) thermocouple positioning inside and outside the nanoﬂuid cell. (c) Inter-comparison
between the spectral irradiance delivered by the Griven lamp (red-line) and the AM1.5G standard reference spectra (black-line), with the variation in the lamps
intensity (d) as a function of time also displayed. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this
article.)

this ﬁgure, the cluster formation might also be the result of the deposition technique used for SEM sample preparation. These facts reinforce the need of using the seed solutions immediately after preparation to avoid possible aggregation prior to particle growth.

[54,77,79,82,104]. This implies that during the initial stages of particle
growth, a larger variation in the size of the ‘seed’ particles was formed.
The origin of this variation is owing to either subtle diﬀerences within
the growth kinetics of the reaction [54] or, alternatively, to the formation of a larger number of ‘seed’ particles during nucleation [89].
The larger number of seeds particles formed can allow for a higher
predisposition of the seed solutions towards agglomeration and, hence,
at a later stage, for a larger variation in the nanoparticle size in the
resulting nanoﬂuid.
Typically, a colloidal dispersion containing seed particles
2 nm–15 nm in diameter (Fig. 3 a - inset) has a LSPR absorption band
extending from 320 nm to 450 nm (Fig. 3 a), with a maximum peak
situated at ~ 400 ± 5 nm and a small ‘shoulder’ peak occurring
at ~ 375 ± 5 nm. These peaks are characteristic for the formation of
spherical Ag nanoparticles [53]. These seeds will be used to tune the
growth of the nanoparticles and their optical properties (Fig. 3 b - d).
The spherical shape of the seeds is conﬁrmed through SEM (Fig. 3 e −
f), where the presence of small particles (~10 nm–20 nm) with approximately spherical shape can be observed. The SEM images (Fig. 3f)
also reveal the presence of clusters of seed particles (~50 nm–200 nm).
The clusters presence could suggest that possible aggregation might
have occurred in the seed solution prior to particle growth. However, in

3.2. Fine-tuning of colloidal dispersions optical properties
Colloidal dispersions of diﬀerent colors (Fig. 3 b) were produced by
altering the volume of AgNO3 (0.001 M) added to the growth solution
during the heterogeneous particle nucleation process. The color of the
dispersions shifts from yellow to red and from red to green as the volume of silver nitrate was varied from 0.4 ml–20 ml (Fig. 3 b). Variations within the color of the colloidal dispersions were registered
through the modiﬁcations in the LSPR absorption band (Fig. 3 c). These
deviations are directly related to the changes in the particle size-distribution [57,77,79]. Consequently, it is expected that the shift in peak
absorption wavelength (λmax) of the dispersions to larger wavelengths
(Fig. 3 c) reﬂects the changes in the particle size-distributions.
As the volume of AgNO3 is increased, the formation of two peaks in
the absorption spectra of the dispersions becomes prominent (Fig. 3 c),
indicating the presence of more than one species of nanoparticles. The
absorption spectra contain two spectral components (1) a ‘static’
5
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Fig. 3. (a) UV-VIS absorption spectrum of a typical stable colloidal solution containing the AgSeeds. The particle size-distribution and a photograph of the solution are shown as an inset.
The rich golden yellow color can be seen. (b)
Diﬀerent colloidal solutions produced when the
volume of AgNO3 (0.001 M) is varied during the
growth stage of the nanoparticle synthesis and
(c) their respective plasmonic absorption bands.
As the volume of AgNO3 is varied the formation
of two peaks within the LSPR absorption band of
the colloidal dispersions becomes discernible.
(d) The wavelength (λmax) of the peak absorption as a function of the volume of AgNO3 leads
to two components (1) static – in red and (2)
dynamic – black. (e–f) SEM images showing the
variation in the size and in the morphology of
the particles present within the seed colloidal
dispersion prior to the growth stage. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the Web version
of this article.

Fig. 4 lead to the conclusion that the nanoparticles present in the dispersions have various size distributions and/or a variety of particle
morphologies. The competition between these species within a dispersion can also lead to the observed variation in color (Fig. 3 b). The wide
range of particle morphologies is also revealed by the SEM images
(Fig. 5 a – b and Fig. S3), where the presence of cubes, prisms, spheres
and other hexagonal and/or non-spherical geometries can be seen.
The origin of the individual absorption properties of each colloidal
dispersion lies in the particle-size distribution and morphologies existing within [91-92]. The scattering and the absorption of the light, as
well as the characteristics of the locally enhanced electric ﬁeld (EF)
established through LSPR, are controlled by the shape and the size of
the nanostructures [90–92]. By controlling the volume of silver nitrate
employed during crystal growth, the size of the particle distribution can
be tailored from 10 nm–50 nm at low volumes (0.2 ml–0.6 ml) to
5 nm–110 nm at larger volumes (20 ml and above). The particle sizes

component that retains absorption characteristics similar to the seeds
used to grow the nanoparticles (Fig. 3 d - red circles), and (2) a ‘dynamic’ component which shifts from 450 nm to 650 nm as the amount
of added AgNO3 varies from 0.4 ml to 20 ml (Fig. 3 d –black squares).
Thereby, the particles absorption band can be tuned to cover the entire
350 nm–800 nm spectral window (Fig. 3 c). This wide absorption band
will be very beniﬁcial to the solar applications as the amount of solar
energy collected will increase. The deconvolution of the spectra (Fig. 4
a – f) revealed the presence of more spectral bands contributing to the
overall spectrum, with some of the spectra containing as many as ﬁve
individual contributions (Fig. 4 e). These higher order modes are corresponding to larger particles present within the colloidal dispersions
and/or to the existence of anisotropic morphologies [56,90]. The individual spectral contributions arising from higher frequency modes
within the colloidal dispersion need to be used to monitor these changes
in particle size-distributions and morphologies. The changes seen in
6
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Fig.4. Spectroscopic analysis of colloidal dispersions containing Ag nanoparticles produced by increasing the volume of AgNO3 (0.001 M) in the growth stage of a
two-step mediated synthesis methodology. Growth solution consisted of 1 ml PVA (1% w/v), 1 ml seed , 3 ml TSC (0.1 M), 5 ml Hydrazine (0.1 M) and X ml AgNO3
(0.001 M) added in that particular order, with X being; (a) 0.5 ml, (b) 1 ml, (c) 1.5 ml, (d) 2.5 ml, (e) 8 ml and (f) 20 ml. The deconvoluted spectral components
presented indicate the presence of one or more size-distributions of nanoparticles within a dispersion.

Therefore, developing an understanding of the degree of control,
granted through the many synthesis routes available, over the optical
and morphological properties of the nanostructures employed in the
development of nanoﬂuids seems to be crucial. Gaining an insight into
the impact of speciﬁc properties of the structures and their correlation
with variations in the photo-thermal performance will allow revisions
for design at the synthesis stage. However, such studies are beyond the
purpose of the present paper, but we note that these insights should be
considered in future studies to maximize the cooperation between the
base ﬂuid and nanostructures to enhance the performances and the
eﬃciencies of the photo-thermal energy systems.

reported (Fig. 5 d) have been resolved through SEM size analysis carried out on diﬀerent ‘colored’ colloidal dispersions produced using the
aforementioned synthesis route. This is correlated with the relationship
between the volume of AgNO3 and the PDI (Fig. 5 c) of the colloidal
dispersions formed. PDI, a measure of particle distribution broadness,
increases rapidly within the 0.4 ml–2.5 ml added range before taperingoﬀ gradually towards 10 ml. At this critical point (2.5 ml), as the particle size-distribution undergoes a transition from an almost purely
monomodal to bimodal distribution (Fig. 4), the increasing population
of larger particles begins to dominate the scattering characteristics of
the signal registered in the photodetector of the DLS device. The formation of the secondary size distribution at this point can be attributed
to a gradual decrease in the stability of the dispersion, as the interplay
of the competing processes of agglomeration, coalescence and colloid
stabilization start to become important.
Within a particle dispersion, the delicate balance between the longrange attractive (typically, London - Van der Waals) forces, which act as
the driving force behind the aggregation process, and the repulsive (e.g.
steric) interactions will determine the long-term stability of a solution
[47]. The aggregation tendency can be retarded by the inclusion of a
surfactant or stabilizing agent. The surfactant, in this case PVA, forms a
protective layer around the particles allowing for the (steric) stabilization of the dispersions.
The Zeta potential (Fig. 5 c) represents a rapid and eﬃcient method
to determine and predict the stability of a particle dispersion [93]. The
solutions formed in this study displayed a rapid increase in the stability,
with the average zeta potential increasing from −22 mV (0.4 ml
AgNO3) to −50 mV (2.5 ml AgNO3). The uncertainty on the Zeta potential is indicative of the variation of particle stability within the
collective particle ensemble. As particles can coalescence to form larger
structures, their charge distribution will also be altered, aﬀecting the
electrostatic interactions within the particle dispersion. This will lead to
a distribution of Zeta potential values whose extent will depend upon
the internal structure of the ﬂuid.

3.3. Nanoﬂuids and their optical properties
Three diﬀerent types of nanoﬂuid (Table 1) were designed based on
the variation in particles size and morphology of the dispersions previously mentioned. Each type has a distinctive absorption bandwidth
and a characteristic particle size distribution, allowing for the eﬀect of
each of these parameters on the photo-thermal performance of the ﬂuid
to be evaluated. The prepared nanoﬂuids are shown in Fig. 6 a – c with
most of the working ﬂuids appearing transparent, but this eﬀect
changes at the higher concentrations (2%–10% v/v) where the scattering due to the presence of nanoparticles start to become appreciable.
The optical properties of the nanoﬂuids were explored by UV-VIS
spectroscopy (Fig. 6 (i) – (iii)). The absorption within the
350 nm–800 nm spectral window increased with increasing the particle
concentration. In accordance with the Beer-Lambert law, the relationship between the absorbance and concentration of nanoparticle was
found to be linear (see the insets in Fig. 6 (i) – (iii)). An exception from
this linear dependence can be noted at very low concentration (less
than 1% v/v).
Type A nanoﬂuids (Fig. 6 (i)) presented a more conﬁned absorption
window that is localized within the 350 nm–450 nm region, while Type
B (Fig. 6 (ii)) and Type C (Fig. 6 (iii)) nanoﬂuids absorb the light over a
7
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Fig. 5. (a) Overall low-magniﬁcation and (b)
zoomed SEM images of the Ag nanoparticles in
the dispersions. The inset in (a) show higher
magniﬁcation of the various clusters in the nanoﬂuid solutions. The scale bar in the inset is
200 nm. The wide range of particle morphologies and sizes present within the polydisperse
colloidal dispersions formed can be observed.
The presence of multiple diﬀerent size distributions within a given sample can explain the
changes in the spectral observations. (c) The
deviations in the zeta potential (black squares)
and PDI (red circles) of the colloidal dispersions
produced as the volume of AgNO3 (0.001 M) is
changed in the growth process, and the (d)
corresponding change in the particle size
throughout this range: as determined through
SEM. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred
to the Web version of this article.

though water is transparent, most of the near-infrared radiation available is absorbed by the water molecules before being converted into
thermal energy [103]. This enables the water to undergo a temperature
variation of 12 °C over 90 min of exposure time. The silver nanoﬂuids
capability to capture and convert visible and ultraviolet light into
thermal energy resulted in a much larger temperature variation within
the initial few minutes of exposure as compared to pure water (Fig. 7 a,
d, and g). Thus, during this period the radiation that is transmitted
through the glass collector is absorbed and scattered by the nanoparticles. The presence of nanoparticles decreases the optical path
within the working ﬂuid leading to the partial transmission of spectral
radiation within the working volume [47-48,94]. The particles are
forming a ‘collecting’ area within which the interactions between the
chemical species present lead to a rapid transfer of heat to the residual
working volume. The temperature of the working ﬂuid reaches the
value of 42 °C. Further increases in temperature start to become less
pronounced, as reﬂected by the PTE values at the later stages of the
experiment (Fig. 7 b, c and h). This is owing to the gradual increase in
the temperature diﬀerence between the working ﬂuid and the surrounding environment, as the working ﬂuid is under the constant
electromagnetic ﬂux.

much larger (350 nm–800 nm) spectral range. Nevertheless, diﬀerences
in the absorption proﬁles of these two types of nanoﬂuid can be observed. Type B nanoﬂuids present a peak absorption at 550 nm owing to
the presence of larger particles ~30 nm–80 nm in diameter. Type C
nanoﬂuids have a similar level of absorbance at this wavelength but this
type of nanoﬂuid also has an LSPR mode occurring at 420 nm. This
mode LSPR seems to correspond to the abundance of particles with sizes
(as noticed through SEM and DLS) that are closely matching the size of
the seed particles (2 nm–20 nm) used in the nanoﬂuids production. The
absorption proﬁle is produced due to the interaction of electromagnetic
radiation with the silver nanostructures suspended within water.
Therefore, the Ag nanoparticles can provide a more eﬃcient method of
capturing and converting the energy within the UV/VIS range i.e. in the
region where water is a poor absorber.
3.4. Photo-thermal performance
The photo-thermal performance of the nanoﬂuids (Types A - C) were
evaluated under the continuous irradiation provided by the solar simulator (Fig. 2). As the working ﬂuid is exposed to the constant irradiation, the temperature of the ﬂuid increases (Fig. 7 a, d and g). Even

Table 1
The diﬀerent types of nanoﬂuid designed through varying the volume of silver nitrate (0.001 M) added during the growth stage of the synthesis employed, and their
respective typical particle sizes, absorption range & particle distribution type.

Type A
Type B
Type C

Volume of AgNO3 (0.001 M) required for particle growth (ml)

Particle Diameter (nm)

Particle distribution Type

Absorption Range (nm)

0.4
4
20

10–50
10–85
5–120

Single mode
Bi-modal
Bi-modal

300–500
300–700
300–750
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Fig. 6. Photographs of diﬀerent types of Ag based nanoﬂuids (a–c) and their corresponding absorption spectra (i – iii). The peak intensity of each working ﬂuid as a
function of concentration is presented in the inset. Each inset including a linear ﬁt, emphasizing the Beer-Lambert relationship between absorbance and concentration for each nanoﬂuid considered.

base ﬂuid (Fig. 7 c). The presence of a narrow absorption bandwidth of
the particles (Fig. 6 i) that captures less solar irradiance can explain
their lower performance when compared with the other two types. The
smaller size particles present within the ﬂuid (~10 nm–50 nm) should
have led to better heat transfer kinetics for this type of nanoﬂuid
[30,95]. However, the low (– 20 mV) zeta potential of colloidal dispersions produced using such small volumes of AgNO3 (Fig. 5 c) could
lead to the onset of thermally aided aggregation during the exposure
and this aggregation can hamper the thermal properties. The substantial increase in the ﬂuid temperature, especially for certain concentrations (0.2%, 0.4% and 1% v/v), within the ﬁrst 1000 s of exposure can suggest that these nanoﬂuids could be tailored towards
applications where their short-time enhanced performances (i.e. when
exposed to such short bursts of high intensity spectral irradiance) are
more suitable. In some instances, e.g. for certain nanoparticle concentrations, the photo-thermal performance of the base ﬂuid was

Enhancement gained through the inclusion of PVA stabilized silver
nanoparticles within the base ﬂuid did not follow the typical relationships commonly reported in metal-based nanoﬂuids [26–28,43]. Thus,
typically, the presence of smaller particle size and an increasing particle
concentration are reported to lead to signiﬁcant enhancements in the
photo-thermal performance of the working ﬂuid [30]. Nonetheless, in
the system studied, these trends were not observed. Moreover, for some
of the nanoﬂuids in this study, a rather non-linear variation of the PTE
enhancement with exposure time was observed (Fig. 7 c, f and i), with
the rate of increase or decrease in photo-thermal performance varying
from sample to sample. However, this might be explained by the fact
that there is a capability of the particle size to overwrite the particleconcentration eﬀect [26].
The type A ﬂuids displayed the lowest increase in the PTE enhancement value among the three nanoﬂuids, but, even in these conditions, it still exhibited a PTE larger by 10%–19% than the PTE of the
9
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Fig. 7. Temperature variation (instantaneous – initial temperature) within the working ﬂuid for three types of silver nanoﬂuid: (a) Type A (d) Type B & (g) Type C.
The photo-thermal conversion eﬃciency (PTE) as a function of the working ﬂuid temperature (b, c, h) and the corresponding enhancement in the PTE at various time
during the 90-min exposure period (c, f, i).

unfavorably aﬀected by the inclusion of the nanoparticles (Figs. 7 c –
0.5% v/v and 0.8% v/v) as this inclusion lead to a decrease of the ﬂuids
performance by as much as 10%. Similar eﬀects have been reported,
typically, when employing surfactants or stabilizing agents. These
molecules can eﬀectively reduce the extensive hydrogen-bonding network found in water [53], this network being considered responsible
for water increasing thermal conductivity with temperature [53].

Therefore, nanoﬂuids containing a much larger concentration of type A
particles (~10% v/v) represent a better candidate for solar thermal
applications, which typically require lengthy exposure times and ﬂuid
lifetime cycles [24,96-97].
The type B nanoﬂuids exhibited, depending upon the particle concentration, PTE values with 11%–26% larger than the PTE of the base
ﬂuid as reﬂected by the PTE enhancement (Fig. 7 f). However, the rate
10
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boundary resistance between the particles and the base ﬂuid; (4) the
highly localized near ﬁeld radiation created through the LSPR phenomena and (5) the formation of loose particle chains or particle networks within the ﬂuid as aggregation begins to occur [29-30,59].
Theoretical studies aimed at removing the veil on the impact of nanoparticle properties (composition, shape and size), interaction pathways
and environmental factors (temperature and pH) on the heat transfer
mechanisms within nanoﬂuids suggest that the presence of aggregates
can be primarily responsible for some of the high thermal conductivities
of nanoﬂuids [4–6,47,64,89,94,101,105].
Consequently, a thorough characterization of the internal structure
of a nanoﬂuid is required both prior to sample testing as well as post
exposure to ascertain any changes which may have occurred within the
particle size-distribution and/or morphology during the heating of the
ﬂuid. The overall particle size distribution resolved through dynamic
light scattering can be deconvoluted. This technique allows for the
identiﬁcation of the individual size-distributions that are otherwise
hidden underneath the typical bin sizes imposed through most commercial devices. Thus, this allows for the multiple size-distributions,
present within the collective particle ensemble, to be resolved. A
snapshot in the post-thermal exposure of the particle size-distribution
present within each of the nanoﬂuids indicates the emergence of the
presence of additional size-distributions and an increase in the maximum particle-size with increasing particle concentration (Fig. 8).
The more particles are present the more by-products of the aggregation process are observed within the nanoﬂuids. This is indicated
by the emergence of more modes (blue star in Fig. 8) as well as a larger
range of particle sizes post exposure to the solar simulator (Fig. 8). This
conﬁrms that the individual spectral contributions resolved within the
colloids plasmon absorption band (Fig. 4) are corresponding to the
presence of multiple particle size distributions within it. The best performing nanoﬂuids, i.e. type C nanoﬂuids, display an array of sizedistributions, whose peak size lies in close proximity to each other
(Fig. 8 e). The other two types of nanoﬂuid, A and B, contain mostly
non-overlapping size distributions (see the presence of the error bars
overlap in Fig. 8). This can limit the interactions between similar sized
particles within the numerous distributions present within nanoﬂuids
and, consequently, their photo-thermal properties.
The origin of the eﬀectiveness of the heat transfer process, across all
three nanoﬂuids, seems to lie in the upper limit imposed on the maximum size of the particles, which are able to produce the best enhancement in the photo-thermal performance of the base ﬂuid [102].
The best performing concentrations (5% v/v type A, 0.05% v/v type B
and 0.05% v/v type C) contained particles no more than 150 nm in
diameter (Figs. 8 and 9). Once particles, whose size exceeds this
threshold, become involved in the heat transfer process their physical
properties appear to dominate the thermo-physical characteristics of
the nanoﬂuid, resulting in a decrease in the nanoﬂuids photothermal
performance.
Examples of the individual particle size distributions present in solutions whose concentrations resulted in ‘poor’ and ‘good’ photothermal performance is provided in Fig. 9. This conﬁrms that the presence of particles with sizes no greater than 150 nm in the best performing nanoﬂuids. The highest performance from the nanoﬂuids is
obtained when a degree of overlap exists between the particle sizedistributions (Fig. 8 red triangles/green circles). The variation in the
particle size-distribution seen in the best performing nanoﬂuids can
allow for a better packing order of the nanoparticles, which, along with
the particle size, has a signiﬁcant inﬂuence on the enhancement of the
thermal conductivity [94]. The deterioration in the performance of the
remaining ﬂuids is likely to be the result of the emergence of additional
modes (Fig. 8 - shown in blue stars and in Fig. 9) corresponding to
particle sizes above 150 nm in diameter. Thus, the delicate balance of
the competitive processes between the multiple modes already present
within the nanoﬂuid, is deteriorated as the aggregation process accelerates. However, further studies should be performed in order to

of variation in the PTE with exposure time diﬀer across the nanoparticle
concentration range investigated. Thus, some nanoﬂuids are displaying
a more steeply decline in their photo-thermal performance than others.
A similar behavior as for type A nanoﬂuids was observed, with some of
the nanoﬂuids (0.4% and 0.8%) initially performing well within the
ﬁrst 2000 s of exposure. During the later stages of the exposure time,
and as the temperature of the ﬂuid increases (Fig. 7 e), their photothermal performance was overcome by nanoﬂuids containing much
smaller concentrations of particles (0.05% v/v).
The diﬀerence between the two types of ﬂuid can be lying in the
prevalence of the high concentrations of type A nanoparticles in providing the largest enhancement reported, while the lowest concentration of Type B nanoparticles investigated provided the best compromise
between thermal performance and photo-stability. Another noticeable
diﬀerence between the two types of nanoﬂuid is the emergence of an
enhancement in the photo-thermal eﬃciency of type B ﬂuids when
compared with type A. This is valid irrespective of the concentration of
particles present, exception being the 0.1% v/v (Fig. 7 e) sample. The
improvement in performance is likely to be due to the interaction of the
type B nanoparticles with a much larger band of frequencies. This is due
to the presence of a bi-modal size-distribution (Fig. 4) as well as to the
diﬀerent particle morphologies present within each size distribution
(Fig. 5 a and b).
The best performances were obtained with the type C nanoﬂuids,
that showed an increase in PTE of up to 32% when compared with the
base ﬂuid (see PTE enhancement in Fig. 7 i). All the nanoﬂuids within
this category exhibited an enhancement in the performance when
compared with the base ﬂuid irrespective of the concentration of particles present. The large ensemble of particle sizes present within these
ﬂuids (Figs. 4, 8 and 9), enables a much stronger coupling between the
electric ﬁelds within the incident irradiance and the oscillating waves of
electrons established on the dispersed structures surface (Fig. 6 (iii)).
Similarly, with the type B nanoﬂuids the dominance of low concentration (0.05% v/v) working ﬂuids in providing the best enhancement in the photo-thermal performance was once again observed.
The diﬀerent modes of particle sizes present within the collective
network of particles, are possibly responsible for the dominating
characteristics displayed by type C nanoﬂuids [82]. The larger particles
in the collective ensemble allow the higher order LSPR modes to be
involved in the particle-particle interactions within the nanoﬂuid
[47,66]. Thus, these can generate local enhancements in electromagnetic ﬁelds to values that are many orders of magnitude above
those achievable through monomodal particle size-distributions
[66–68]. The capability of diﬀerent particle morphologies to facilitate
in the formation of a more tightly or loosely packed particle network
chain, during the particle agglomeration process, must be also considered. As more particles, which can be eﬀectively packed within the
extended particle networks, are formed the higher the thermal conductivity a nanoﬂuid can exhibit [66–68,76,98]. In fact, the thermal
conductivity measurements performed for these nanoﬂuids show that
the thermal conductivity ratio (κW/κNF) has a similar non-linear behaviour as the PTE as the concentration increases (see Fig. S2).
The interactions between neighboring particles can destabilize the
nanoﬂuid via aggregation as the attractive forces between nanoparticles
lead to the formation of clusters, islands and even fractal networks in an
attempt to minimize the free energy within the nanoﬂuid [99-100].
However, while establishing the role of these interactions and explaining the molecular mechanism behind these eﬀects should be investigated, such investigations are beyond the purpose of the present
study. The heat transfer mechanics of a nanoﬂuid can be aﬀected by a
number of interactions possible within it: (1) the Brownian motion of
particles within the liquid, resulting in the formation of a ‘convection
like’ eﬀect. In this case the particles can collide during their random
path within the ﬂuid inﬂuencing the thermal properties; (2) the interaction of particles with molecules of the base ﬂuid; (3) layering of the
liquid at the liquid/nanoparticle interface altering the thermal
11
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Fig. 8. The post-exposure particle size-distributions (black squares, red triangles, green circles
and blue stars) present within the three diﬀerent
types of silver nanoﬂuid (a) type A (c) type B
and (e) type C as a function of the particle
concentration within the ﬂuid. The error bars
represent the full width half maximum of each
individual size distribution within the collective
particle ensemble. The error bars are also an
indication of the presence of overlapping between the various particle size-distributions. The
percentage (%) contribution from each individual component to the overall size-distribution for each type of ﬂuid (b) type A (d) type B
and (f) type C is also presented. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the Web version
of this article.

silver nitrite used during the heterogeneous growth of the nanoparticles. This synthesis procedure is simple, relatively low-cost and,
once the mechanisms are properly understood, it can be easily scaled up
from the lab bench experiment to be used in real-world solar thermal
applications. Diﬀerent variations of silver nanoﬂuids have been designed. Thus, diﬀerent types of particle size-distribution have been incorporated in the base ﬂuid and their impact on the thermo-optical
properties of the resulting nanoﬂuid was explored. Low concentrations
(0.05%–0.1% v/v) provided the best improvement in the photo-thermal
conversion eﬃciency, with 5%–32% enhancements in the PTE being
achieved. The variations emerging in the photo-thermal conversion
eﬃciency, can be correlated to changes in the individual populations of
the numerous size-distributions contained within the internal structure
of the nanoﬂuid. The existence of an upper threshold in the particle size
was observed to limit the enhancement in thermal properties, a strong
degree of correlation between the individual size-distributions and increased performance being noted. The diﬀerent particle size modes
present, show that using one (and/or narrow) particle size-distribution
does not represent the best choice in controlling and optimizing the

understand the underlying molecular mechanism that stays behind the
changes in the photo-thermal properties of these nanoﬂuids. Such studies should involve both experimental and theoretical investigations
and should contain a well-deﬁned mixture ratios of nanoparticles with
various known sizes, morphology and concentration. Moreover, to determine the feasibility of these nanoﬂuids for concentrating solar plant
(CSP) systems, the photo-thermal conversion eﬃciency and stability
after two or more exposure cycles to the solar spectrum should be investigated [4-6,31-32].

4. Conclusion
Nanoﬂuids can become a suitable and low-cost alternative to improve the eﬃciencies of the heat transfer ﬂuid employed within solarthermal and photovoltaic-thermal collection systems. Here, nanoﬂuids
containing multimodal silver nanostructures of a rich morphology were
synthesized and their thermo-optical properties were studied. The
synthesis method presented allows the bandwidth of energy captured
by the structures to be tuned, through controlling the concentration of
12
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Fig. 9. Typical individual particle size-distributions present within nanoﬂuids classiﬁed as ‘good’ and ‘bad’ performers in terms of their photo-thermal conversion
eﬃciency: (a) 5 % type A (b) 0.8 % type A (c) 0.05 % type B (d) 2 % type B (e) 0.05 % (f) 2 % type C.

Appendix A. Supplementary data

heat transfer properties of a nanoﬂuid. Therefore, more work is required to understand the process through which a wide distribution of
particle sizes enhances the thermal properties, as this could allow a
faster implementation of the nanoﬂuids into more solar applications in
the future.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.solmat.2019.110085.
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